The cytochemical localization of adenylate cyclase and guanylate cyclase was studied in the arteries of the circle of Willis in dogs. The reaction products of both adenylate and guanylate cyclases were similarly distributed and selectively localized predominantly adjacent to sarcoplasmic reticulum and sparsely to mitochondria and outer nuclear membranes of vascular smooth muscles. The observations could suggest a close association of the intracellular localizations of both cyclases and the intracellular calcium storage sites, and ultimately contribute to our complete understanding of regulation of cerebral blood flow and vasospasm.
T
HERE is considerable evidence that Y,5'-cyclic nucleotides modulate contractile properties of smooth-muscle cells, 1,2,4-6, 14,19,2~ and recent advances in physiology and pharmacology of vascular smooth muscle are extensively reviewed by Norwood 3~ and Sundt, et al. 4s The formation of cyclic 3',5'-adenosine monophosphate (cyclic AMP) and cyclic 3',5'-guanosine monophosphate (cyclic GMP) are catalyzed by adenylate cyclase and guanylate cyclase, respectively) ~ Localization of adenylate cyclase and guanylate cyclase activities has been demonstrated cytochemically with the electron microscope. 12 ' 16' 24' 25' 28' 37' 41' 42' 5z-55 The present study attempts to localize adenylate cyclase and guanylate cyclase activities in the vascular smooth-muscle ceils of the circle of Willis.
Materials and Methods
Adult dogs were anesthetized by intravenous administration of Nembutal (pentobarbital). A Silastic catheter was introduced from the subclavian artery into the vertebral artery on the left side to perfuse 10 ml of Krebs-Ringer's solution followed by fixative for 30 minutes. The fixative used was 1% glutaraldehyde containing 4.5% glucose buffered to pH 7.4 with 0.05 M cacodylate buffer. The containers with Krebs-Ringer's solution and the fixative were placed about 110 cm above the level of the vertebral artery. Fixed arteries of the circle of Willis were removed and sliced into small pieces, and then rinsed several times in 0.05 M cacodylate buffer containing 8% glucose, in preparation for thin sections, freeze-fracture, and cytochemistry. The methods for preparation of specimens for thin sections and freeze-fracture have been reported previously. 5~ The incubation medium for the cytochemical localization of adenylate cyclase consisted of 80 mM Trismaleate buffer (pH 7.2), 6% dextran, 2 mM Pb (NO8)2, 4 mM MgSO4, 5 mM aminophylline, and 0.5 mM 5'-adenylyl-imidodiphosphate (AMP-PNP). n,16,~,~,~,n,~,58,5',~ The incubation medium for the detection of guanylate cyclase consisted of 40 mM Tris, maleate buffer (pH 7.8), 3 mM MnCI2, 2 mM theophylline, 4 mM lead citrate, 0.5 mM guanylyl-imidodiphosphate, and 6% sucrose. 41 The fixed specimens were incubated for 30 minutes at 37 ~ C in the complete medium. As controls, some specimens were incubated without the substrate. At the end of the incubation, the specimens were rinsed briefly in Tris-maleate buffer and then in cacodylate buffer, and postfixed with 1% osmium tetroxide buffered to pH 7.4 with 0.05 M cacodylate buffer for 1 hour. They were briefly rinsed in cacodylate buffer, then dehydrated in graded alcohol and embedded in Epon. Thin sections were cut on a PorterBlum ultramicrotome and stained on copper grids with lead citrate for 5 minutes and with uranyl acetate for 10 minutes. Thin sections and replicas were examined in an HU-12 electron microscope.
Results

Ultrastructure of Normal Vascular Smooth-Muscle Cells
Cell membranes of vascular smooth muscles were differentiated into a caveolae intracellulares zone and a caveolae-free zone, both of which were generally arranged alternately and parallel to the major axis of the smooth-muscle cells (Fig. 1) . In the former zone, the caveolae intracellulares were neatly oriented in one to several rows running parallel to the longitudinal axis of muscle cells. The latter zone was of variable width and corresponded mainly to the dense area beneath the cell membrane.
Sarcoplasmic reticulum (SR) was divided into peripheral and central elements (Figs. 2 and 3). The peripheral and central elements of SR were often hard to define, mainly because of the presence of abundant myofilaments (Fig. 2) . In freeze-fractures, the peripheral and the central SR was clearly demonstrated as an elongated sac oriented in a longitudinal direction (Fig. 3) . The peripheral elements of SR were more abundant than the central elements, and formed a fenestration around the caveolae intracellulares in close apposition with the cell membrane of the caveolae intracellulares zone. The central elements of SR were surrounded by myofilaments, or grouped together with other organelles. Mitochrondria were visible often in the center of muscle cells and sometimes beneath the caveolae intracellulares, and showed a predominantly longitudinal orientation (Fig. 1) . Myofilaments occupied the major part of muscle cells, and ran parallel to their longitudinal axis (Fig. 1 ). Nuclei were usually seen in the center of muscle cells.
FIG. 4. Electron-opaque reaction products of adenylate cyclase (upper) and guanylate cyclase (lower)
are visible between caveolae intracellulares (arrows 1) beneath the cell membrane. Reaction products of guanylate cyclase in central sarcoplasmic reticulum (SR) connects with those in peripheral SR (arrow 2) and forms a tubular network. X 44,000.
Cytochemistry of Adenylate and Guanylate Cyclases
Reaction products of adenylate cyclase and guanylate cyclase were somewhat variable in amount from smooth-muscle cell to muscle cell but similarly distributed. They were found predominantly at the level of the peripheral and the central SR as a narrow band of electron-opaque aggregates (Figs. 4, 
5, 7 lower, and 8), and appeared virtually as
an electron-opaque marker of SR. The electron-opaque narrow band of SR was parallel to the longitudinal axis of muscle cell. The reaction products in the peripheral SR were evident beneath and between the caveolae intracellulares, and beneath the cell membrane of the caveolae intracellulares zone when the cell membrane was sectioned perpendicularly (Fig. 4) ; they appeared as a network between rows of caveolae intracellulares when the cell membrane was cut tangentially (Fig. 5) . There was no evidence of reaction products beneath the cell membrane of the caveolae-free zone, suggestive of the absence of the peripheral SR here. The central SR occasionally formed a tubular network and communicated with the peripheral SR (Fig. 4 upper) .
The reaction products of adenylate and guanylate cyclases were also found in mitochondria and were usually distributed more sparsely in mitochondria than in SR (Figs. 5 lower, 6, and 7) . Although the amount of the reaction products of both cyclases varied from mitochondrion to mitochondrion (Figs. 6 and 7) and from part to part of single mitochondrion, the reaction products of adenylate cyclase were generally more sparse in distribution than those of guanylate cyclase. They were seen usually as discrete deposits and occasionally as an electron-opaque linear band. The surface membranes were often deposited by the reaction products of both cyclases. In particular, the deposition of the guanylate cyclase was frequently marked and brought the surface membrane into relief (Fig. 7 lower) , whereas FI~. 5. A tangential section of cell membrane reveals an alternate arrangement of caveolae intracellulares and dense area. Reaction products of adenylate cyclase (upper) and guanylate cyclase (lower) are seen between caveolae intracellulares and oriented in a longitudinal direction (arrows 1), forming a network in some places. A mitochondrion is found beneath the caveolae intracellulares, showing discrete reaction products of guanylate cyclase in surface membrane (arrow 2) and cristae (arrow 3). • 44,000.
the adenylate cyclase of the surface membranes was usually found as scattered discrete deposits (Fig. 6 lower) . The exact localization of adenylate and guanylate cyclases inside the mitochondria, although hard to discern in the present study, seemed to be mainly in the cristae and partly in the matrix (Figs. 5 lower The outer nuclear membrane was occasionally deposited by discrete or linearly aggregated reaction products of adenylate and guanylate cyclases (Fig. 8) . No reaction products of either adenylate @clase or guanylate cyclase were noted in the caveolae intracellulares (surface vesicles) (Fig. 5) . The reaction products contiguous to the cell membrane were found not in the caveolae-free zone but between caveolae intracellulares just beneath the cell membrane (Fig. 4) . They were neither localized in the cell membrane itself nor on its outermost layer. In addition, they appeared as electron-opaque, and round or elliptical in profile when the cell membrane was cut perpendicularly and elongated in profile when the cell membrane was sectioned tangentially. The control tissues incubated without the substrate did not reveal any reaction products.
Discussion
Results obtained previously from parallel biochemical and cytochemical studies have indicated that 10% to 50% of adenylate cyclase activity survived the fixation with 1% glutaraldehyde? ~a4,87 The specificity of the method used in the present study can be increased using AMP-PNP as substrate, 24 since AMP-PNP has been shown to be an effective substrate for adenylate cyclase ~~ but not for adenosine triphosphatase and other phosphohydrolases. ~2,5.,~6 Although Lemay and JaretP ~ showed a complete inhibition of adenylate cyclase activity of fat-cell membranes by 10 -4 M lead and a nonenzymatic hydrolysis of AMP-PNP with 2 • 10 -3 M lead, Cheng and Farquhar 9,1~ and Cutler n demonstrated that considerable adenylate cyclase activity was retained in the presence of 1 to 4 mM lead in rat liver, rat submandibular gland, human platelet, and Dietyostelium discoideum (slime mold, member of the Acrasiales order). The cytochemical localization of guanylate cyclase in the rat liver fixed with glutaraldehyde 4~ was quite similar to the subcellular localization assayed biochemically in the liver? 9,~7 The localizations of the reaction products of adenylate and guanylate cyclases were selectively restricted to SR, mitochondria, and the outer nuclear membrane in the present study. The selective occurrence of the reaction products generated by the enzymes that survived the fixation and other cytochemical procedures employed indicates the presence of a high concentration or activity of the enzymes.
Myoplasmic calcium concentration is thought to be increased by an influx of calcium across the cell membrane and by release of calcium from intracellular storage structures) and decreased by reuptake and sequestration of calcium into the intracellular storage structures and by an effiux of calcium into the extracellular space against a high concentration gradient of calcium? The rise in free calcium levels in the myoplasm activates a series of enzymes located in the actin and myosin filaments to lead to contraction, and the muscle remains contracted as long as the intracellular calcium level remains at or above 10 -e M."
Adenylate cyclase and guanylate cyclase catalyze the hydrolyses of adenosine triphosphate and guanosine triphosphate to cyclic AMP and cyclic GMP, respectively. 20,88 The cyclic AMP would decrease the level of myoplasmic free calcium by bringing about a suppression of extracellular calcium influx and by promoting its active uptake by intracellular storage structures, 2a4,19,38,~,~9,51 whereas the cyclic GMP could increase the level of myoplasmic free calcium by promoting a greater influx of calcium through an action on the cell membrane and by promoting its release or preventing its active uptake by intracellular storage structures. 19' 2~ In addition, a liberated calcium ion might regulate cyclic AMP and cyclic GMP contents, since variations of the calcium level influence the enzymatic reactions involved in the synthesis and degradation of both cyclic nucleotides? , 26, 44 This results in a type of feedback control as cyclic AMP and cyclic GMP have opposing effects on the transport of calcium across the cell membrane?,~5,~9.~o There are four intracellular storage structures of calcium in a smooth-muscle cell: SR, mitochondria, the cell membrane with its surface vesicles, and the nucleus. In recent years, three types of studies have furnished evidence about these possible sources of activator calcium; electron microscopic studies, ls,86,46 cell fragment studies, 7,~7 and studies employing calcium-blocking agents. 18,2~,23,27,34,~2 The present cytochemical localizations of adenylate cyclase and guanylate cyclase correspond to the intracellular storage structures of calcium. It is suggested, therefore, that adenylate cyclase and guanylate cyclase in SR, mitochondria, and nuclear membrane are closely associated with the regulation of intracellular calcium levels in the present vascular smooth muscle.
In addition to SR, mitochondria, and nuclear membrane, the cell membrane with its surface vesicles has been considered to play a role in the control of myoplasmic calcium concentration. The reaction products of adenylate and guanylate cyclases were not seen in the surface vesicles. The reaction products of adenylate and guanylate cyclases contiguous to the cell membrane were found neither on the cell membrane nor on the outer surface of the cell membrane, and they were localized between the surface vesicles just beneath the cell membrane. It is not clear in the present study whether the reaction products contiguous to the cell membrane are associated with the cell membrane or with the peripheral SR which is coupled with the cell membrane and its surface vesicles. TM At all events, it may be suggested that adenylate and guanylate cyclases contiguous to the cell membrane regulate the transport of calcium through the cell membrane.
It may be expected that further physiological and pharmacological studies, combined with the cytochemical examination of vascular smooth-muscle cells, will provide sufficient evidence to establish the relative contribution of various subcellular structures to activities of adenylate and guanylate cyclases, and ultimately contribute to our complete understanding of regulation of cerebral blood flow and vasospasm. 
